Abstract-Laser tests on a power operational amplifier were performed to investigate its sensitivity to single event transients. These tests apparently point out to this device being quite insensitive to single event transients so it would become a good candidate to develop power systems to be used in radiation environments.
I. INTRODUCTION

P
OWER operational amplifiers are a family of devices with the typical behavior of op amps but designed to work with larger values of power supplies and to provide or absorb very high values of output current. Radiation tests on commercial power operational amplifiers were performed a few years ago to determine the degradation of some devices of this sort under neutron and gamma radiation [1] . These tests showed that the OPA541 was by large the most radiation-tolerant power operational amplifier of all the tested devices so it has been used in the development of the LHC cryogenic system [2] . A set of ten devices were irradiated up to a neutron fluence (Φ N ) of 9.1·10 13 1-MeV n/cm 2 and, simultaneously, a total ionizing dose (TID) of 2540 Gy(Si) keeping operative except the typical degradation of the operational amplifiers (Shift of the input offset voltage (V OS ), decreases of the values of the open-loop gain, slew rate (S.R.), gain-bandwidth product (f U ), quiescent current (I Q ), ...). Table I summarizes the main results of these experiments.
In consequence, these devices could be also used in space systems given its tolerance to total radiation damage. However, no information on single events transients was collected. The acquisition system was designed to measure the DC parameters of the devices so the hypothetical single event transients could not be captured. Thus, the only useful information concerning the sensitivity of this device to single events was that no destructive latch-up or burn-out was triggered even though a large fraction of the neutrons had an energy value of several MeV [3] .
Therefore, a laser test has been performed in this device to investigate the shape and size of the typical single event transients. Obviously, this test must be verified with heavy ion tests but, at any rate, is a good preliminary approach.
II. DESCRIPTION OF THE DEVICE
A. Internal structure This device is manufactured by Texas Instruments [4] in two packages: Power plastic and TO-3. Both devices share the same internal topology (Fig. 1) and, given that the top of the TO-3 package is easily removed (Fig. 2) , it was selected for the laser tests. Fig. 3 shows a zoom of the die containing the actual operational amplifier.
Most of the layout surface is devoted to the output stage. In fact, the apparently simple Darlington pairs in Fig. 1 are actually arrays of vertical NPN transistors (Fig. 4) . Thus, every strip in A or B are 54 NPN transistors the bases of which A smaller part on the top is the core of the operational amplifier (input & gain stages in Fig. 3 ). In this structure, some specific transistors, resistors and capacitors were identified although the whole structure could not be extracted since the schematic provided by the manufacturer contains a lot of simplifications.
B. Electric parameters
The sample to be tested was checked before the laser irradiation. In particular, attention was paid in several parameters such as the slew rate, the saturation voltage swing and the output current. The value of the slew rate was 10-11 V/μs depending on being in rising or falling edge. It is well known that the duration of the single event transients is limited by the slew rate value [5] , [6] so we should expect short spikes of a few μs if SETs occur.
Besides, the saturation voltage swing was of about 4 V in the case of the negative output voltage and, finally, the output current was of several amperes. All of them are in the range of the nominal values so we concluded that the device was operative even once the top package lacked.
III. TEST SET-UP
A. Electric Set-up
The device was biased as a voltage follower as Fig. 5 shows. The range of the power supply values was ±32 V, the input voltage could be changed between ±10 V, and the load resistor was of 5.1 Ω. Finally, some additional high-value capacitors (C X in Fig. 5 ) were placed on the board to help the device to provide high output current values in case of sudden changes in the output voltage.
B. Laser set-up
The experiments were performed at the UCM Multiphotonic Spectroscopy and Femtosecond Facility using a Ti:Sapphire laser followed by a regenerative amplifier (Fig. 6) , able to provide a tunable wavelength between 300-3000 nm. A more complete description of the laser can be found in [7] . In this case, the laser wavelength was set to 800 nm in order to create free charge in the surface of the device. Photon absorption in this wavelength along the Z-axis follows an exponential decay in such a way that most of the energy (63 %) is absorbed not beyond 12 μm from the silicon surface [8] . Even though this penetration may seem shallow, this wavelength has been successfully used to investigate single event effects in bipolar technologies. Fig. 5 . Electric configuration during the tests. Actually, R CL was a short circuit to allow the device to deliver the highest output current. The load resistor R L , was placed outside the protoboard and disconnected during some stages of the tests. Coupling capacitors of 10 μF, C X , were on the same board as the OPA541. 
IV. RESULTS
Unlike heavy ion tests, where the single event transient is detected only if the probe input value goes beyond a fixed threshold voltage, the output of the device during the laser tests are captured once a TTL signal, sent from the laser hardware to the oscilloscopeand called "Trigger" in Fig. 6 , is received.
During the tests, the laser energy was set to 60 pJ. This energy value is high enough to induce single event transients in typical analog devices. Indeed, before testing the OPA541, the system was checked using an LM111, typical comparator the behavior of which under laser irradiation has been depicted in detail in the related literature [9] .
The OPA541 was tested with bipolar power supplies of ±32 V (According to the manufacturer, the devices can work up to ±40 V). First, the device input was set to 0 V and the output was not loaded with the small resistor. Later, the device was loaded with a 5.1-Ω resistor and the input voltage set to ±1 V. Thus, typical work conditions, with the possibility of high values of the output current, were emulated.
Usually, an XY scan would have been the strategy to check the response of the device. However, this was discarded because of the large size of the device. In fact, the surface was 27.5 mm 2 , more than 35 times the size of a typical device such as the LM124 or the LM111. Therefore, the tests was planned as follows: First, the main bipolar transistors inside the primary operational amplifier were identified and irradiated with the laser. In this device, all of the transistors are accessible except the JFETs inside the input differential pair, which are protected by the metal leads. Also, some resistors were also identified and tested so, eventually, only the silicon near the metal tracks was not tested. For instance, Fig. 7 shows some of the tested transistors and resistors near the input differential pair.
The test on the output stage transistors was simple given the modular architecture of the stage. Only one strip of transistors in each part of the stage (A or B) was irradiated and the results extrapolated to the rest of transistors.
However, in spite of the care taken to perform a trustworthy test of the device, no single event transients were observed in all of the possible situations. Single event transients did not occur whichever the input voltage, load resistor or target transistor was. Supposing that the origin of this lack of single event transients was a low value of laser energy, this factor was increased to 100 pJ, energy level that was not exceeded fearing the destruction of the device by ablation. Like in the first experiment, single event transients were not found.
V. DISCUSSION
A. Applications of the results
These tests have shown that the OPA541 might be good a candidate for use in electronic systems that work in radiation environments given its tolerance to total radiation dose and to the apparent absence of single event transients. Obviously, these results must be considered just preliminary results until having performed heavy-ion tests.
B. Possible reasons of the tolerance
The reasons for the tolerance of this kind of device is difficult to find out given the lack of information concerning the manufacturing process. However, some ideas can be derived from some general details and are listed below: 1) Single event transients are often related to lateral PNP transistors. However, this device has mostly NPN transistors and the few PNP transistors are built in vertical technology. 2) Unlike most of the typical operational amplifiers, the transistors inside this device must stand collector-base voltages about 80 V. Indeed, other typical devices cannot be biased with power supplies higher than ±18 V since they are destroyed by the powerful electric fields. A way to increase the critical value of the breakdown voltage is decreasing the doping concentration of the transistors since it depends, in abrupt junctions, on N −1 C , N C being the collector impurity concentration [10] . In consequence, the depletion volume in the reversebiased PN junctions is wider whereas the inner electric fields weaker. Thus, released charge by the laser is not efficiently collected and the single event transient not triggered. Besides, designers of high voltage bipolar devices usually avoid sharp doping profiles to maximize the transistors breakdown voltage using linear impurity distributions instead. This fact also helps to reduce the electric field along the depletion region.
3) A consequence of the reduction of the impurity concentration is the decrease of the parasitic junction capacitances. In typical transistors, these would lead to a smaller accumulated charge in junctions to be removed by the current pulsed induced by the ion so, apparently, significant SETs are more liable to occur. However, in this device transistors are usually larger than those of other typical devices. E. g., most of the transistors inside the OPA541 are on the order of 120x120 μm while in devices such as the LM111 the size of the transistors is much smaller (60x60 μm). This compensates the decrease of the junction capacities due to the lower values of impurity concentration increasing the total charge that the laser must remove to induce a single event transient. 4) The array structure of the output stage can also help to protect the device against single event transients. If one of the output transistor is hit by the laser, the released charge must affect not only its parasitic collector-base junction but the whole set of parasitic junction capacitances. In other words, even if the charge is released in the depletion region of one transistor, the current pulse must remove the charge of 216 transistors. This fact seems impossible. To investigate this possibility, a SPICE netlist was built to simulate the transients induced in a simplified high output current operational amplifier. In this device, a primary operational amplifier biased the output of a composed Darlington consisting in an input transistor (Q00) and a set of n output transistors (Q01 → Qn) (Fig.  8) . The transistors were permanently biased by a current mirror the input of which is proportional to the number of transistors so that every emitter current was 100 μA independently of n. This is also why every transistor has its own bypass resistor between base and emitter. Afterwards, we simulated a single event transient injecting 1 pC between the collector and base of Q01, taking into account that the parasitic collector and base resistor were previously extracted from the model and incorporated as external resistors [11] . The devices was configured as a voltage follower, with ±32 V power supplies and with the input connected to ground. Fig. 9 shows the induced transients as the number of transistors in the array increases. As expected, transients become smaller and shorter so we can eventually conclude that they are completely mitigated in case hundred of transistors are in the output stage. As it was stated at the beginning, these ideas are just hypothesis but can help to understand the lack of transients.
VI. CONCLUSION
The OPA541, a power operational amplifier by Texas Instruments, seems to be insensitive to single event transients as laser tests show. These results must be verified by heavy ion tests but they are promising enough to propose its use in power systems inside radiation environments provided it is also tolerant to total radiation damage.
